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Energy deposition at front and rear surfaces during picosecond laser
interaction with fused silica
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The difference between front-surface and rear-surface energy deposition of a 35 ps laser pulse
(A=1064 nm) in fused silica was investigated using shadowgraphic and laser-deflection techniques.
Shock waves were observed in the glass and in air. Shock waves generated in air at the front surface
are stronger than at the rear surface. Less than 35% of the energy incident on the surface drives the
air shock waves at the rear surface. Up to 90% of the incident energy drives the air shock waves at
the front surface. Laser-plasma interaction is responsible for this difference and for limiting the
amount of energy deposited inside the sample during front-surface ablation. Energy deposition at
the rear surface is mostly limited by self-focusing inside the material2001 American Institute

of Physics. [DOI: 10.1063/1.1362332

Contrary to absorbing materials, energy deposition incharge-coupled-devic CCD) camera equipped with a
transparent dielectrics cannot rely on intrinsic linear absorpnarrow-band 532 nm filter. The beam diameter was varied
tion. Energy absorption is due to impurities or between 110 and 25am. A full description of the experi-
imperfection$? and is, therefore, nonuniform, unless the ra-mental system can be found elsewh¥r@he experimental
diation intensity exceeds the intrinsic breakdown thresholdystem used to measure shock-wave expansion was based on
of the material through nonlinear absorptibiMoreover, the deflection of a He—Ne laser beam by the shock-wave
both the front and the rear surfaces of a sample as well as ifsont, described in Fig. 1. The samples were 5.5 mm thick,
bulk can couple to the electromagnetic fi&fd.In the nano- 20 mm long, and 5 mm wide. All surfaces were polished. For
second regime, the interaction of the laser with the fronfll experiments, the laser fluence was significantly higher
surface of transparent dielectrics is very different than withthan the breakdown threshold of the studied surfeme-
the rear surface. Energy deposition causes more seveR§Oximately 8 Jlerh at 35 ps in fused siliod in order to

cracking and a higher removal rate per pulse at the reggnsure uniform and repr.oducible energy deposition within
surface”® This can be qualitatively explained by the deposi—the center of the Gaussian beam and reduce the effect of

tion of energy inside the material at the rear surface angrface defects. ,
plasma shielding at the front surface. Also, material at the Figure 2 is a set of shadow graphs of the shock waves in

rear surface is more easily ejected because it is not capped 6)'7 and glass obtained at the rear surface 33 ns after 12.8, 20,

a plasma backpressutén this letter, we present a study of .
the interaction of 35 ps pulsed-laser radiation with both |
fused-silica surfaces. surtee
In a first set of experiments, the fused-silica surfaces —
were imaged in cross section at short time delays after the
pulse(t<33 ng. In a second set of experiments, the expan- o
sion rate of the laser-generated shock wave in air was mea- f
sured at longer time delay$<10 us). The imaging experi- JFrom.
ments were performed using the fundamental frequency of a geometry
Nd:YAG Q-switched lasetr=35 ps anch=1064 nm as the
pump beam. The second harmonic of the same laser output —
was used to illuminate the interaction region perpendicularly e canne
to the pump beam, and image it with different delays on a —

L, Photodiode
tuigger)

Oscillosoope

FIG. 1. Sketch of the laser-deflection setup with typical oscilloscope traces.
dAuthor to whom correspondence should be addressed; electronic mailfhe shock wave deflects the He—Ne beam and causes a dip in the trace of
fgenin@lInl.gov the detector channel.
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FIG. 3. Shadowgraphic images of shock waves generated in air and fused
silica during front-surface shots at 14.4 Jfcfa) and 25 J/crh (b). The time
delay is 33 ns. The shock froff) and the ionization fronfl) are labeled in

the figures. The vertical black bar on the right of the images represents the
1/e? diameter of the beam. The scattering centers in the glass séaraind

(b) are not in the plane of the pump beam. They remain visible before and
after the pulse and are not related to damage during the pulse.

ized air. lonization of air occurs because the temperature
S T behind the shock frontestimated from its velociy® is ap-
FIG. 2. Shadow-graphic images of shock waves generated in air and fuse%rOXImately 60.00 K. The shock p_ressur_e_ estimated by the
silica during rear-surface shots at 12.8 Jcfa), 20 J/cr (b), and 280 Same method is 500 atm. The faintly visible contact front
Jicn? (c). The time delay is 33 ns. The features labeled in the figures are thélelimits the expansion of the ejected silica. It is not spheri-
shock front(S), the ionization front(l), and the ejected materi¢E). Fila-  cally symmetric: the expansion has a component normal to
r_nentanon(F_) is also visible at higher flyences. The vertical black bar on thethe surface. At 280 J/chna highly directional jet of material
right of the images represents the? tiameter of the beam. . . L

flies from the rear surfacgrig. 2(c)]. The jet is formed by

glowing patrticles. Part of a shock wave generated at earlier
and 280 J/crhpulses. The vertical offset between the imagetimes is visible in the lower-left corner of the same figure.
of the two waves is a refraction effect due to a slight tilt of Jet-like material ejection seems to be the result of a more
the sample parallel to the probe beam. The shocks are geexplosive energy relaxation mechanism due to the high den-
erated in a 30—10@«m-diam (depending on beam fluence sity of deposited laser energy.
area. Their front must, therefore, be initially planar. The  Figure 3 is a set of shadow graphs of front-side shock
front becomes spherical as the disturbance propagates. Aftaraves in air and glass at different time delays and fluences.
33 ns, the shock wave in air is hemispherical while the shocK he shock waves in air are spherical while the ones in glass
wave in glass is still quasiplanar at all fluences. The higheare somewhat planar. The ionization front and the shock
the fluence, the more extended the planar wave front of th&ont merge at their furthest point giving rise to a different
glass shock(Fig. 2), hence, the stronger the shock. The morphology than the one observed in the rear-surface shock:
shock waves do not generate cracks inside the glass. Thhocked air is immediately thermally ionized behind the tip
planar shape of the wave front suggests that the stress staiethe shock front. Because of laser-plasma interactions these
after 33 ns is mostly due to piston-like compression. Noshock waves have significantly higher temperature and pres-
shear wave is thus observed. As the fluence is increasedure (as estimated from their velocities9000 K and 750
evidence of self-trapping in the central part of the Gaussiamtm?!® The ionization front is ellipsoidal with its long axis
beam becomes apparent as thin horizontal filaments termperpendicular to the surface. Therefore, the temperature must
nating at the glass/air interface. be highest at the tip of the shock wave, which initially had

The structure of the shock waves in air can be interthe highest velocity. In Figs.(8) and 3b), the gas within the

preted using the analysis of Callies, Berger, and Hifel. shock wave is completely transparent and no ejected or
Shadowgraphic imaging of phase objects is sensitive to thevaporated material is visible.
second derivative of the refractive-index distributidn. Figure 4a) illustrates that the radiuR of the expanding
Therefore, the shock front appears as a succession of threock wave is proportional tt#°, as predicted by Sedov’s
alternating bright and dark bands. In Figéa)2and 2b), the  blast wave theory for a point explosioh**!°This scaling
shock front is separated from the ionization front by a veryallows us to estimate the ener@y necessary to drive the
thin layer of shocked air. The ionization front is separatedshock wave: for a hemispherical blast wave in &R,

from the next front(the contact frontby shocked and ion- = (2.38,/po)Y*?® wherep, is the density of unperturbed
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Fluence (J/em?) ing excimer laser ablation of coppErThe transmitted en-

10* € 1) 2 N IO gy could not be measured directly because of the high in-

S| in ai " rear-surface (1" shot . .
pesichinoRlina g 0 %;e...s..,:ﬁzrmf)_ tensity of the beam near the sample surface. Absorption at

. 5 - ~* front-surface (1* shot)
ol E a0 § ot o0 the front surface causes most of the laser energy to be de-
2 7 B posited in air rather than being confined inside the sample.
3 1000 \ 5 § Jf\ Therefore, less cracking and material removal are observed
g w0 N +/+ at the front surface as compared to the rear surf4cé.
Rt g . ol A 35 ps, 1064 nm laser beam interacts differently with

100 =60 Jem® . & o the front and rear surfaces of fused silica. This study shows
- e 10 Leser energy (ml) that differences in the absorbed energy partition between air

and silica are most probably responsible for this asymmetry.
At the front surface, laser-plasma interactions during the
FIG. 4. (a) Rear-surface air shock-wave radius as a function of propagatiorpulse cause a large dissipation in the air, thus limiting the
Itime measured b}’r(')iste;nddefr'z;triosfl ggg:tié)aguﬂ;esdh?Jcski;lwa;Zdeonv?;gf{):% uIefﬁciency of energy deposition. At the rear surface the onset

Tassrth?rnde;?])cl)toc?ata point on the front surface followsatwg-shot sequence e%f fror.]t__surface absprptlon and S(.alf-foc.us[ng limit e”ergy
200 J/cni. The curves are drawn only to guide the reader’s eyes. deposition. Energy is mostly confined inside the material
when the beam interacts with the rear surface and dissipated

16 . ) in the air when the beam interacts with the front surface.
air.™> Figure 4b) is a plot of the ratio of the shock-wave Tnerefore, for a given absorbed energy, material removal

energy to the beam energy as a function of beam energy. Th&ficiency is much higher at the rear surface than at the front
fraction of beam energy expended in driving air shock wavegrface.

on the rear surface is generally lower than on the front sur- Thi K ‘ d under th : fthe U.S
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surface when the fluence measured at the rear surface %ontragt 0. Db ) at t.e awrence berke-
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